We propose a method to evaluate the entropy density and entropy flux in a vacuum gap between two half-spaces that takes into account influence of near-field effects, i.e., interference, diffraction, and tunneling of waves. The method developed is used to determine the maximum work that can be extracted through near-field radiative transfer between two half-spaces at different temperatures.
where k B is the Boltzmann constant, ω is the angular frequency, c is the speed of light in free space, M ω ≡ M (ω,Ω) = I(ω,Ω) β ω 3 /8π 3 c 3 , 2π is the Planck constant, and I(ω,Ω) is the spectral radiation intensity of a ray in the direction defined by unit vectorΩ. β = 1 for polarized radiation and β = 2 for unpolarized radiation. The spectral entropy density is given by s ω = (1/c) l ω (Ω)dΩ. von Laue [3] and other researchers [4] investigated the effect of partial coherence on the entropy of radiation. Petela and others [5, 6] used the concept of availability or exergy to determine the maximum work that can be extracted from solar radiation. All of the above mentioned works [3] [4] [5] [6] rely on Eq. 1 for entropy intensity. Underlying the derivation of Eq. 1 is the assumption that the electromagnetic local density of states (LDOS) and velocity of radiation are independent of position and given by their values in free space. The implications of the breakdown of the above-mentioned assumptions when NFE are present, to the best of our knowledge, have not been investigated.
Consider a planar vacuum cavity of thickness l 0 = |z R − z L | between two parallel half-spaces L and R, as shown in Fig. 1 , at temperatures T L and T R respectively. Each half-space is assumed to be isothermal. Halfspaces with planar thin films do not introduce any conceptual difficulties and are taken into account via generalized Fresnel reflection coefficientsR 0L andR 0R . Because of translational symmetry in the xy plane, all quantities pertinent to this letter only depend on z. The influence of NFE is captured by modeling thermal radiation using Rytov's theory of fluctuational electrodynamics (FE) [7] . In FE, the cross power spectral densities of the fluctuating current sources are related to the electromagnetic properties and temperature through the fluctuation-dissipation theorem [8] . The ensemble averaged Poynting vector and energy density can be written in terms of the dyadic Green's functions (DGFs) of the vector Helmholtz equation, which are well known for layered media [9] . Though fluctuational electrodynamics provides us with a framework for determining energy density and Poynting vector, it does not tell us how to compute entropy.
Entropy can be calculated by determining the number of microscopic states into which a given number of photons can be distributed. Consider a thin film of area A, which can be made as large as necessary, lying between coordinates z and z +dz in the vacuum gap. We first consider the case when T L = T R . The entropy of electromagnetic waves emitted from half-space L with microscopic states in the range µ to µ + dµ within this thin film is given by s L (µ, z)dµAdz and obtained from the relation:
Here µ is the set of variables defining the space containing the microscopic states, which is unidentified as yet, and δW L is the number of ways in which n L (µ, z)dµAdz photons can be distributed across the number of accessible microscopic states, represented by ρ a (µ, z)dµAdz. n L (µ, z) and ρ a (µ, z) are the number density of photons and accessible microscopic states per unit volume in the µ space. The total number of available microscopic states is related to the LDOS ρ(ω, z) and is given by ρ(µ, z)dµAdz, of which only a fraction ρ a (µ, z)/ρ(µ, z) is accessible to the photons from L. δW L is given by [10] (n L (µ,z)dµAdz+ρa(µ,z)dµAdz−1)! (n L (µ,z)dµAdz)!(ρa(µ,z)dµAdz−1)! . A similar expression exists for δW R . Taking the two independent polarizations into account, we can write (assuming that ρ a (µ, z)dµAdz 1):
where h = L, R refers to contributions from half-spaces L and R respectively, and j = s, p refers to s or p polarization. Since the electromagnetic waves emitted from the two half-spaces are incoherent, the total entropy density at any location is given by s(z) = dµ
h (µ, z) can be determined from its relation to u (j) h (z), the energy density in the vacuum gap of s or p polarized waves from half-space h. The method used by Antezza et. al. [12] can be used to determine u (j) h (z) [13] . n 
where P W (EW ) refers to propagating (evanescent) waves. The integrals P W and EW will be defined
is given by (Eq. 4a for PW and Eq. 4b for EW):
where k ρ is the magnitude of the in-plane wave vector Fig. 2a and Fig. 2b respectively (only k z , β z > 0 portion is shown). Since the expression for energy density (or stress tensor) is an integral over the inplane wave vectors and frequency, we can identify µ as the space spanned by {k ρ ∈ (0, ∞), φ ∈ (0, 2π), k 0 ∈ (0, ∞)} (k 0 is used instead of ω). Consider a differential patch on a constant energy surface (blue patch in Fig. 2a and Fig. 2b ) whose projected area in the k x − k y plane is dk x dk y or k ρ dk ρ dφ. The area of this blue patch is given
, where θ z (µ) is the angle between the surface normal to the constant energy surface and the k z or β z axis. cos θ z (µ) = k z0 /k 0 for P W and cos θ z (µ) =
, the integral expression for ρ(ω, z) will be used to first determine ρ (j) (µ, z). In vacuum ρ(ω, r) = ω πc 2 T r(G e (r, r; ω) + G m (r, r; ω)) [14] , where T r(G) is the trace of G, and G e (r, r; ω), G m (r, r; ω) are the electric and magnetic DGFs. ρ (j) (ω, z)dω [15] is given by:
where P W dµ ≡ dk 0 P W dS and EW dµ ≡ dk 0 EW dS are double integrals over the domains {φ ∈ (0, 2π), k ρ ∈ (0, k 0 )} and {φ ∈ (0, 2π), k ρ ∈ (k 0 , ∞)} respectively, and ρ (j) (µ, z) is (Eq. 6a for PW and Eq. 6b for EW):
From the dispersion relation, we see that k z0 = ± k 2 0 − k 2 ρ and β z0 = ± k 2 ρ − k 2 0 . Only the positive sign for k z0 and β z0 is valid in the expressions for n (j) L (µ, z) (Eq. 4). In contrast, both signs of the square roots are valid in Eq. 6 for ρ (j) (µ, z). Using the property
, it can be seen that the same value of ρ (j) (µ, z)dµ is obtained irrespective of the choice of sign for the square root, i.e., k z , β z > 0 and k z , β z < 0 portions of the µ space, corresponding to states accessible to waves originating from L and R respectively, contribute equally to ρ (j) (µ, z)dµ. Hence, for thermal non-
The case of thermal equilibrium is discussed later.
The polarization dependent energy flux in the z direction due to sources in L,Ė (j) L (it is independent of z), can be written aṡ
where Θ(ω,
, and
Biehs et. al. [16] and Ben-Abdallah and Joulain [17] have interpreted (8π 3 /c)K (j) (µ) as a generalized transmissivity between the two half-spaces L and R. Here, we in-
as a generalized spectral radiation intensity, valid for P W as well as EW . The concept of radiation intensity (I) in classical theory of thermal radiation is associated with the power contained in a cone of dΩ. For P W , dS/k 2 0 can be associated with the solid angle in the direction of propagation because the constant k 0 surface happens to be spherical. The solid angle interpretation of intensity is invalid for EW. K (j) (µ) on a constant k 0 surface for P W and EW (the entire surface is not shown) are shown in Fig. 2c and Fig.  2d respectively (simulation performed for s polarization, l 0 = 5 µm, 2π/k 0 = 10 µm, ε L = ε R = 2.2 + 0.01i). In each of the two figures, the length of the arrows are proportional to the magnitude of K (j) (µ). The arrows are perpendicular to the constant k 0 surface. As k ρ → ∞, the magnitude of the arrows decreases exponentially, in accordance with Eq. 8. E
(j)
L can be also expressed aṡ
where v (j) zL (µ, z) is the z component of the polarization dependent local velocity of energy transmission associated with photons from L. Since K (j) (µ) is the same for both L and R half-spaces, and cos θ z (µ) is opposite in sign,Ė
L . At equilibrium, they cancel each other to yield zero net radiative transfer between the two half-spaces. Hence, at equilibrium 
zL (µ, z) can be shown to be:
, EW
by comparing Eq. 4 and Eq. 8. We have confirmed numerically that, as one would expect, v 
E R (z) andṠ R (z) can be obtained by the same procedure if T L = T R . Unlike energy flux within the cavity which is independent of z, though any two waves with different µ are incoherent, interference effects due to multiple reflections of the same wave lead to a z dependence of entropy flux [11] .
The maximum work that can be extracted from NFRT between the two half-spaces (rejecting radiation at sink temperature T R ) in Fig. 1 is given byẆ max = (Ė L − T RṠL )−(Ė R −T RṠR ) [6] . In this expression, bothṠ L anḋ S R are evaluated at z = z R . The maximum efficiency of work extraction is then given by η max =Ẇ max /Ė L . Park et. al. [18] analyzed the performance of a thermophotovoltaic (TPV) converter using W emitter at 2000 K and In 0.18 Ga 0.82 Sb photovoltaic cell at 300 K. Using optical data for W [19] and In 0.18 Ga 0.82 Sb [20] , we computė E L ,Ṡ L ,Ė R , andṠ R , of whichĖ L and T RṠL are shown in Fig. 3 , when L is W at 2000 K and R is In 0.18 Ga 0.82 Sb at 300 K. Both energy flux and entropy flux increase with decreasing gap, characteristic of tunneling due to evanescent waves. We also plot η max as a function of gap and compare with the efficiency predicted by Park et. al. [18] . As observed by Landsberg and Tonge [6] , though the high values of η max are usually unattainable, the utility of η max is to impose an upper limit on efficiencies of all models for energy conversion, including TPV conversion, involving the same materials, configurations, and temperatures.
The case of T L = T R = T has to be treated differently since emission from both half-spaces are at the same temperature. When T L = T R , electromagnetic waves in the vacuum cavity cannot be distinguished as originating from L or R because their temperatures are equal. Hence, in thermal equilibrium, it is n (j) is from half-space L and the remainder from R. The equilibrium entropy flux in the cavity due to thermal sources within L is given byṠ In summary, we elucidate a method to determine entropy density and entropy flux between two half-spaces when near field effects are important. We also identified a generalized spectral radiation intensity which can be used even when NFE are present. Though the concepts developed here are used to analyze energy conversion using NFRT, it can also be used to better understand the thermodynamics of surface wave-based laser cooling [21] and thermal non-equilibrium Casimir interactions [22] .
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